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Electron-hole excitation energies in the subband structure of semiconductors with doping
superlattices are obtained from a discussion of the Bethe-Salpeter equation in a local repre-
sentation. For two examples representing different subband structures due to different
design parameters of the superlattice we present numerical results for intersubband excita-
tions (spin-flip and non-spin-flip) with the wave vector along the superlattice axis. We in-
clude in the interaction term of the Bethe-Salpeter equation the electron-hole attraction and
its associated exchange counterpart which corresponds to the resonant screening.

I. INTRODUCTION

A great deal of information about the interesting
electronic structure of the dynamically two-
dimensional charge carriers at interfaces and in
semiconductor superlattices' can be obtained by the
investigation of electronic excitations within the
subband structure of these systems. Experimentally,
these excitations are observable, e.g., in resonant Ra-
man scattering’~* or in infrared-absorption experi-
ments.»® The observed resonances in the scattering
cross section or the absorption coefficient do not,
however, correspond immediately to single-particle
transitions within the subband structure of the
charge carriers. Many-body effects may appreciably
influence the observed spectra. The importance
of these many-body effects in Si metal-oxide-
semiconductor (MOS) systems has been demonstrat-
ed in experimental and theoretical studies quite
some time ago."‘9 Recently, a new class of semi-
conductor superlattices became available with the
successful growth of GaAs-doping superlattices or
n-i-p-i crystals.

In a previous publication!® (to be referred to as
RDI) we have given a detailed description of the
electronic band structure of semiconductors with
doping superlattices. GaAs or, in one case,
Al Ga,_,As were considered as host materials. Ex-

amples were given how, through a judicious choice
of design parameters (thickness of the doped layers
and their doping concentration), an electronic sub-
band structure may be tailored within wide limits.
It was also indicated that owing to the feasibility of
changing the charge-carrier concentration in a given
n-i-p-i crystal (a unique feature of doping superlat-
tices), many-body effects may conveniently be stud-
ied in these systems.

The self-consistent subband-structure calculations
of RDI include self-energy corrections to the sub-
band energies to the extent possible in the frame-
work of the local-density-functional formalism.!"2
In this paper we shall investigate electron-hole exci-
tations within the electronic subband structure of a
n-i-p-i crystal. For this purpose the Bethe-Salpeter
equation for an electron-hole propagator is discussed
in a local representation in Sec. II. Here we extend
the work of previous authors on MOS systems' and
GaAs/Al,Ga;_,As heterojunction superlattices'*
through the inclusion of a screened electron-hole at-
traction and by generalizing to the case of an arbi-
trary number of occupied subbands. In Sec. III we
will present results of numerical calculations yield-
ing electronic and coupled electron-phonon excita-
tions with a nonzero wave vector in the direction of
the superlattice axis (z).

II. BETHE-SALPETER EQUATION IN LOCAL REPRESENTATION

Quite generally we have for the (time-ordered) inverse dielectric function'

Krl( Flrtl;?27t2)=8( ?1—?2)8(1’1——1’2)“{‘ fdt3 fd3r3v( ?1—?3)8([1-—1‘3)X;( ?3,[3;?2,12) , (1)

where v( T; —T>) is the Coulomb interaction. The density-density correlation function X,( T'},t,;T5,t,) is related

to the electron-hole propagator through'®
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X‘( ?I’tl;?29t2)= 2 S({ ?lytl,gl]’{ ?1,t1,§1};[ f'2’t21§2},{ F27t27§2}) . 2)

51,52

In the following we will write for the sets of coordinates T,t;,£, (position, time, spin) only the index A. The
Green’s function S(1,1’;2,2’) satisfies the Bethe-Salpeter equation

S(1,152,2")=8%1,1';2,2")+5%1,1;3,3")1(3,3";4,4)S (4,4';2,2") , @)

where integration or summation over repeated indices is implied. The noninteracting electron-hole propagator

is given by

59%1,1;2,2")=g(1',2')g(2,1),

4)

where the single-particle Green’s function g(1,2) includes self-energy corrections. We now approximate the ir-

reducible interaction 1(3,3';4,4') by (Fig. 1)

1(3,3';4,4')=05(3,3')8(4,4')v(3,4)—6(3,4)8(3',4" )v*(3,3") . (5)

Here v(3,4) is the Coulomb interaction and v*(3,3’)
is a screened Coulomb interaction.!”

We shall include explicitly in our discussion of
the response function only the (relatively few) addi-
tional charge carriers in subbands which are intro-
duced into our system by doping and/or excitation.
Therefore, we have to allow for the screening of the
Coulomb interaction by the valence electrons of the
host material. This can be done simply by dividing
the Coulomb interaction by the dielectric constant
of the host material, due to the fact that the subband
wave functions are extended over macroscopic dis-
tances. However, since in the frequency range of in-
terest this dielectric constant varies strongly, we
shall also consider its frequency dependence (see
below). In the part of 1(3,3';4,4') which describes
the electron-hole attraction, however, the screening
of the charge carriers in the subbands is to be in-

cluded also.

We shall make a further approximation to the
electron-hole attraction, which is in the spirit of the
local-density-functional formalism.!”!8° It consists
of replacing the dynamically screened Coulomb in-
teraction v™(3,3’) by a local static interaction given
by

-

5 XC T
V3T Ty L Oxe(n(13))

on (T3—T3), (6)

where v,.(n) is the exchange and correlation contri-
bution to the self-consistent potential as discussed in
RDI

If we now Fourier transform in time and space
parallel to the layers, taking advantage of the
translational invariance of the system parallel to the
layers, we get from (2)—(6),

X( a”’zbZZaw):XO( a||,21,22,0)+ f d23 f dz4xo( q||,21,23,w)J( a]|y23,24)X( a||,24,22,w) ’ (7
with
N , N ,.(n(z))
J(q,z,2" ) =v(q,z,2" )+ —— —8(z—2") (8)

on
and

27Te2 Le—q“'Z——Z'I .
AKO q“

U( El'H,z,z’):

9)

By omitting the subscript ¢ we indicate that we have gone over to the retarded density-density response func-
tion. As discussed in RDI we write the wave function of an electron in subband p with wave vector k as

b g F)= e 1 Tle @)

(10)

In what follows, the small dispersion along k, of the electrons will be neglected and their energy and wave

function can be written as
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#kj)
€ T=6T, =t e s (11
bye(D=re I—e 3 5™, —ma) (12)
SL m

where the functions ®,(z—md) are strongly localized in the n-type layer of index m and do not overlap with
those localized in neighboring layers, and Ng; is the number of superlattice periods.
At T=0K, X% q))»21,22,@) is, therefore, given by

p(e“ r”)—f(eu’ y”+ﬁ;|)
—i8

X4 )pz1,22,0)=23, 3 - -

D — £t 206k, (2060 (22)8 40 (22) - (13)
kpk, "B Tk

Owing to the periodicity property of the superstructure we can transform the integral equation (7) into a ma-
trix equation

X66! T))p400)=Xge( qp0)+ 3, X6, (T),0Ve,6,( G):9:X6,6( d))42@) - (14)

G,,G,

Here Jgg( G)),g,) is the Fourier transform of J(qy,2,2’) defined in Eq. (8) and G,G’ are reciprocal-superlattice
vectors. Since we have taken the dispersion as strictly two dimensional, X q)j,@) does not depend on g,. The
response function X(q,z,z",w) will be of a similar separable form as X q),2,2’,@). Thus using (12) we can
transform Eq. (14) into a local representation'*%:

D A (g +G Xy ( ?1'||,q,,co)AI¢(q,+G')= > AW'(q,+G)Xﬁ,‘W( fi||,a))A1¢(q,+G')
wp [THTS

vV vV
+2 3 A##’(qz+G)X;0m’W( q)@)
wy', 0,0,
vw 1,7
X | X 4l 465 6,(4)18:)400(g: +G2)
GIGZ
XX gqrrel Q)pp@zr0)4 ] (g, +G") (15)
with
Ay g, +G)= [ dz DD, ()" " (16)
We can write Eq. (15) as
AXA =44t  AxXA N TAx AT = A1 + AT TAXC+ - - 14T =ax%(1—4TTax0) 14T, (17)
if, for the sake of clarity, we suppress all indices and , , , , 3 4
variables. 3 4 3 4 \r
From the last equation it is apparent that the l = }--{ + t
poles of X gg( d),9;,), which coincide with the col- 3 JA 3 4 3)\4
lective excitations of the system, are given by the
conditon 7= Coulomb interaction
det(1—4'74x%)=0 . (18) =z==== screened Coulomb

interaction

Equation (18) provides the elementary electronic ex-
citations in the subband structure of the superlattice.
With the self-consistently calculated subband wave
functions and energies (as discussed in RDI) all the
quantities needed in Eq. (18) can be calculated. The
size of the matrices is determined by the number of

FIG. 1. Graphical representation of the interaction
term in the Bethe-Salpeter equation. The numbers stand
for sets of coordinates including position, time, and spin.
For the numerical calculations the dynamically screened
Coulomb interaction of the electron-hole attraction has
been approximated by a local static interaction.
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subbands populated and by the frequency range to
be investigated. In our examples it was sufficient to
use the six lowest subbands so that the largest ma-
trices needed were 36 X 36 matrices.

Considering only a single subband, one obtains the
plasmons of a dynamically two-dimensional mul-
tilayer system which were discussed (neglecting the
electron-hole attraction) extensively by various au-
thors.2!~?* An interesting feature of doping super-
lattices with respect to plasmon excitations is the
fact that they represent ideal candidates for the ob-
servation of acoustic plasmons. These originate
from the spatially separated dynamically two-
dimensional electron and hole systems which under
suitable conditions'? exist in n-i-p-i crystals.

In this paper, however, we discuss only excitations
within the subband system of the electrons. If elec-
trons are present in the n-type layers and holes in
the p-type layers, excitations in the subband system
of the electrons generally couple via the Coulomb
interaction to excitations within the p-type layers,
even in the absence of an overlap of electron and
hole wave functions. In the case of a vanishing
wave-vector component parallel to the layers, how-
ever, these excitations are decoupled. Therefore, the
existence of holes in the p-type layers can be ignored
in this case.

III. RESULTS FOR COLLECTIVE
INTERSUBBAND EXCITATIONS
WITH ;=0

In this section we shall discuss results of Eq. (18)
for 4 approaching zero along the z direction. The
excitations given by (18) thus correspond to those
observed in Raman scattering experiments in the
backscattering geometry. Since the spin-orbit cou-
pling in GaAs leads to valence-band states of mixed
spin it is possible to observe Raman transitions
which involve a flip of the electronic spin. These
spin-flip transitions observe different polarization
selection rules than the non-spin-flip transitions.?>2¢
We shall consider the former first.

A. Spin-flip excitations

As is obvious from the diagrams of Fig. 1, the
first term in (5) which corresponds to the resonant
screening vanishes if electron and hole do not have
the same spin. Thus only the electron-hole attrac-
tion is to be included in the irreducible interaction of
the Bethe-Salpeter equation. Making the same ap-
proximations as above and neglecting that the
electron-hole interaction described by (6) should be
different for the spin-flip case, we find that spin-flip
excitations are found from

det(1—47 Jax%) =0, (19)

where J includes only the second term in Eq. (8).

For the lowest excitations as a function of the
variable carrier concentration in a n-i-p-i multilayer
structure with the design parameters d,=d,=40
nm, d;=0, and np=n,=10'" cm™3 (this corre-
sponds to the first example in RDI, we use the same
notation), we find the results shown in Fig. 2. The
solid lines, which give the result of Eq. (19), lie
everywhere below the subband separations (dashed-
dotted lines) as they should due to the attractive na-
ture of the electron-hole interaction. It can also be
seen from Fig. 2 that the excitation energy corre-
sponding to the (u=0)—(u’=1) transition coin-
cides over a wide range with the subband separation
in the Hartree approximation (dotted lines). Since
(as was discussed in RDI) the envelope functions
®,(z) are , for the lowest p, in this system very near-
ly harmonic-oscillator functions, the shift of the
Hartree subband separation due to the exchange and
correlation correction can be calculated analytically
to lowest order in the carrier concentration. The
shift due to the electron-hole interaction can also be
calculated analytically in lowest order for
harmonic-oscillator functions and is found to be
equal in magnitude and opposite in sign to the ex-
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FIG. 2. Lowest spin-flip excitations for §;=0 in an
n-p multilayer crystal with doping parameters
np=n,=10" cm~3, d,=d,=40 nm, and d,=0 as a
function of the two-dimensional carrier concentration.
The dashed-dotted and dotted lines represent the separa-
tions of occupied nearest-neighbor and next-nearest-
neighbor subbands in the local-density-functional and
Hartree approximation, respectively. The solid lines show
the corresponding spin-flip excitations with the electron-
hole attraction taken into account.
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change and correlation correction.”’ This cancella-

tion should not be overrated as it applies only to the
lowest transition in this special system.

For the n-i-p-i superlattice discussed as the second
example in RDI (design parameters d, =d, =4 nm,
d;=36 nm, and np=n,=5.25x10"® cm—3) we find
the spin-flip excitation energies shown in Fig. 3.
Here the electron-hole attraction does not quite can-
cel the shift due to exchange and correlation in the
(u=0)—(u'=1) transition.

B. Non-spin-flip excitations

To find these excitation energies we have to look
for solutions of Eq. (18). We first take the screening
of the host lattice in the Coulomb interaction as
static. In this approximation we find for the n-p
multilayer structure described above the excitation
energies shown in Fig. 4. The solid lines which cor-
respond to the excitation energies intersect the
dashed-dotted lines representing the subband separa-
tion at low carrier concentration. This means that
at low carrier concentration the electron-hole attrac-
tion dominates its exchange counterpart which in
turn becomes very important at higher carrier densi-

100
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FIG. 3. Lowest spin-flip excitations for ;=0 in an
n-i-p-i  crystal with the design parameters
np=n,=5.25x10"* cm~3, d,=d,=4 nm, and d;=36
nm as a function of the two-dimensional carrier concen-
tration. The dashed-dotted lines represent the separations
of occupied nearest-neighbor and next-nearest-neighbor
subbands in the local-density-functional and Hartree ap-
proximation, respectively. The solid lines show the corre-
sponding spin-flip excitations with the electron-hole at-
traction taken into account.
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FIG. 4. Lowest non-spin-flip excitations in an n-p mul-
tilayer crystal with doping parameters np=n,=10'"®
cm~3, d,=d,=40 nm, and d;=0 as a function of the
two-dimensional carrier concentration. The dashed-
dotted lines represent the separations of occupied
nearest-neighbor and next-nearest-neighbor subbands.
The solid lines show the excitation energies with the
electron-hole attraction and the resonant screening taken
into account. The dotted lines show excitation energies
with the electron-hole interaction neglected.

ties. The dotted line shows the excitation energies
with the electron-hole interaction neglected. Pecu-
liar in this system is that the resonant screening
compensates almost exactly the diminishing subband
separation for the (x=0)—(u'=1) transition. This
result is also corroborated by an analytic calculation
to lowest order.?” For the n-i-p-i superlattice with
wide intrinsic layers we find the results shown in
Fig. 5.

The excitation energies lie close to the LO-phonon
frequency of the host material for our particular n-p
multilayer structure. In this range the dielectric
constant of the lattice varies rapidly with frequency
and this should be taken into account in the
Coulomb interaction. As briefly mentioned above,
we shall do this by replacing the static dielectric
constant of the host material «, in Eq. (9) by

oF 0] —o?
K(w)=Ko—T—ﬁ . (20)
W] OT—O

It would, however, be incorrect to screen the
electron-hole attraction dynamically simply by using
(20) as can be seen from the diagrams of Fig. 1.

On the other hand, as we have seen in Fig. 2, the
electron-hole attraction largely cancels the shift in
the subband separation originating from the ex-
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FIG. 5. Lowest non-spin-flip excitations in an n-i-p-i
crystal with the design parameters np=n,=5.25x10"®
cm™3, d, =d,=4 nm, and d; =36 nm as a function of the
two-dimensional carrier concentration. The dashed-
dotted lines represent the separation of occupied nearest-
neighbor and next-nearest-neighbor subbands. The solid
lines show the excitation energies with resonant screening
and electron-hole interaction taken into account.

change and correlation potential. We shall, there-
fore, neglect the exchange and correlation shift in
the subband separation along with the electron-hole
attraction in the calculation of coupled electron-
phonon excitations in order to avoid the problem of
calculating the dynamically screened electron-hole
attraction. The results of this procedure are shown
in Fig. 6 for the n-p multilayer structure cited above.
The solid lines represent the coupled electron—LO-
phonon excitations and the dotted lines represent the
subband separations in the Hartree approximation.
In the case of the n-i-p-i crystal with wide intrinsic
layers (second example) the excitation energies are
relatively far above the phonon frequencies and their
coupling is therefore weak.

IV. CONCLUSIONS

Doping superlattices represent an interesting sys-
tem for the experimental and theoretical study of
many-body effects. To show this we have calculated
electronic and coupled electron-phonon excitations
for two different n-i-p-i crystals as a function of the
charge-carrier concentration.

For the case of the vanishing wave vector parallel
to the layers we have obtained numerical results for
the intersubband excitations in doping superlattices

Energy (meV)

| | I 1
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ni@ (10" cm'2)

FIG. 6. Lowest non-spin-flip coupled electron-phonon
excitations for an n-p multilayer crystal with the doping
parameters np=n,=10" cm~>, d,=d,=40 nm, and
d; =0 as a function of the two-dimensional carrier concen-
tration. The dotted lines represent the separations of oc-
cupied nearest-neighbor and next-nearest-neighbor sub-
bands in the Hartree approximation. The solid lines show
the excitation energies with the electron-hole interaction
neglected and the Coulomb interaction in the first term of
Eq. (8) dynamically screened by the host lattice. For clar-
ity we have not shown several modes which originate
from the relatively weak coupling of higher electronic
modes with the LO phonon and which, therefore, lie very
close beneath the LO-phonon frequency.

with several subbands occupied. In the case of
spin-flip excitations (or spin-density excitations) we
find a reduction of the excitation energies below the
values of the corresponding subband separations due
to electron-hole attraction. In doping superlattices
with sufficiently wide regions of homogeneous n-
type doping the electron-hole attraction compensates
the exchange-correlation corrections to the energies
of the lowest and first excited subbands in the limit
of low subband populations within our local-density
approximation. In the case of non-spin-flip excita-
tions (charge-density excitations), except for very
low carrier concentrations, a net shift to higher ener-
gies is observed because of the resonant screening.
For doping superlattices with a sufficiently wide
region of homogeneous n-type doping we have
found that this shift compensates the decrease of
subband separation between the lowest and the first
excited subband as a function of increasing subband
population for low concentrations exactly and at
high concentration at least rather exactly (except for
variation due to the frequency dependence of the



27 ELECTRONIC EXCITATIONS IN SEMICONDUCTORS WITH.. . . 3553

dielectric susceptibility of the host material). Thus
the non-spin-flip excitations between the lowest and
the first excited subband of such a system occur al-
most exactly at the bulk-plasmon frequency w,(np)
of a homogeneous bulk semiconductor of the same
doping concentration. They are nearly independent
of the population of the subbands, provided that
w,(np) is sufficiently different from the LO-phonon
frequency wy .

We have not taken into account any broadening
effects due to the finite lifetime of the excitations in
our calculations since it is difficult to go beyond a
phenomenological treatment of this problem. We
realize, however, that these effects may appreciably
influence the shape of observed spectra.” There is
no essential difficulty involved in treating excita-
tions with nonvanishing wave-vector components
parallel to the layers if there are no holes in the p-

type layers of a doping superlattice. In this case
plasmonlike excitations originating from electronic
intrasubband transitions appear and also coupled
plasmon-intersubband excitations. The case of exci-
tations with finite wave-vector components parallel
to the layers in a n-i-p-i crystal with layers of elec-
trons and holes, however, requires the inclusion of
the polarizabilities of both types of charge carriers
since the Coulomb interaction couples the electronic
excitations within the n-type to those of the holes in
the p-type layers. We shall further investigate this
interesting situation.
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